The aim of this investigation was to find new approaches to evaluate the performance of lowconsistency refiners. Data from a paper mill producing TMP from Norway spruce was used in order to find a possible way to calculate the power split between the zones in a TwinFlo refiner. An assumption of equal amount of fibres captured between overlapping bars was found successful in order to develop equations for the power split. The equations predicted equal power in both zones at equal disc gaps. The power was found to increase approximately linearly with decreasing disc gap over the range, 0.1-0.2 mm. The power split was essential to know for calculating refining intensities expressed as specific edge load and forces on fibres in the two zones. The reduction in fibre length was about 5% at 0.17 mm disc gap or at 0.03 N forces on fibres or at 0.7 J/m specific edge load. Disc gap, forces on fibres and specific edge load was found to predict fibre shortening approximately equally upon changes in power and flow rate through the refiner. ADDRESSES OF THE AUTHORS: Jan-Erik Berg (jan-erik.berg@miun.se), Birgitta A Engberg (birgitta.engberg@miun.se) and Per Engstrand
Low-consistency (LC) refining is more energy efficient compared to high-consistency (HC) refining regarding tensile strength development for mechanical pulp (Engstrand et al. 1990; Hammar et al. 1997; Sandberg, Sundström and Nilsson 2009; Hammar et al. 2010 ). However, LC refiners require high flow rates in relation to motor power which limit maximum possible specific energy input. Therefore the development has been towards larger multi-zone refiners and conical refiners. Today's largest two-zoned refiner, 72 inches in diameter with 5 MW motor power, is located at the Holmen Paper, Braviken Paper Mill in Norrköping, Sweden (Andersson et al. 2012a) .
One complication with two-zoned refiners is that the refining conditions can differ between the zones (Andersson et al. 2012b) , which mean that e.g. disc gap and power has to be measured in both zones if one wants to optimise each zone separately. Accurate measurements of both disc gaps are well established but seldom used whereas power is only measured on the refiner as a whole.
One way to determine the power split between the two zones is based upon thermodynamic calculations over the refining zones (Andersson et al. 2012b ). This method requires accurate measurements of temperature and flow rate in both zones.
Fibre flexibilization is a key objective in refining. It is attained by removal of surface material from fibres, creation of new surface within fibre walls, or by softening of the wall material through mechanical stresses. The forces acting on fibres between crossing bars produce these property changes by imposing the strains that create new internal area or plastic deformation. Forces in excess of the rupture strength of fibres, however, produce fibre shortening. The expression of forces on fibres developed by Kerekes and Senger (2006) and Kerekes (2011) can be used to calculate the refining intensity.
The overall goal with this investigation was to find ways to improve understanding with regard to optimization of refining conditions in order to increase the efficiency of LC refining. If a larger share of the fibre development can be made in LC refiners instead of in HC refiners, the total power consumption to certain strength properties of mechanical pulps can be reduced since LC refiners are more energy efficient. A specific objective was to develop a method to determine the power split between the two zones in order to compare the refining intensity expressed as forces on fibres with more conventional measures that give estimates of the refining intensity such as disc gap (Mohlin 2006) and specific edge load (Brecht, Siewert 1966) .
Materials and Methods
The data used for this work was collected from a twozoned TwinFlo72 LC refiner from Andritz in the Holmen Paper, Braviken Paper Mill in Norrköping, Sweden (Andersson 2011) . The feed pulp, characterised in Table 1 , to the TF72 was TMP from Norway spruce produced in two parallel Double-Disc RGP 68DD refiners from Valmet with a specific energy consumption of around 1600 kWh/adt. The TF72 refiner was fitted with 72-inch (1.8 m) LemaxX ® Spiral segments. The rotational speed was 320 rpm. The segment geometry is described in Table 2 . The reason that the segment geometry is described at radius 0.8 m is to select an average radius < R > which represents the radius of average tangential velocity < v > such that the total shear force times < v > equals the power. The average radius was calculated as described by Roux et al. (2009) :
where R 2 = outer radius (here 0.9 m) R 1 = inner radius (here 0.6 m)
The average tangential velocity < v > was calculated to 27 m/s by rotational speed (rad/s) times average radius. A schematic drawing of the DD-LC line is shown in Fig 1. The data used here was sampled during refining trials performed in a former work reported by Luukkonen (2011) . The trials (A-C) were performed at different levels of recirculation according to Table 3 . Each trial was conducted with successively decreasing disc gap in order to achieve four levels of refiner motor power.
The capture of fibres by a moving bar has been studied in detail by Kerekes and Olson (2003) . They found that the amount of fibres captured was a function of pulp consistency, fibre length and rotational speed. While these refining conditions are approximately constant in the present investigation it is assumed that equal amount of fibres is captured between overlapping bars for both Adjustment End (AE) and Motor End (ME).
The power split of gross power P R at a refiner disc gap T R can thus be calculated by:
where X denotes AE or ME.
The power split at a disc gap close to T R , i.e.
∆ , where ∆ ≪ , can be calculated by: 
Results and Discussion
Fig 2 shows the logged gross motor power (upper curve) and the calculated power in AE and ME at different flow rates using Eq 4. There is an approximate linear relation between power and disc gap over the range, 0.1-0.2 mm, for all tested flow rates which is demonstrated by solid lines for a total flow 150 l/s through the refiner and for 90 and 60 l/s in each zone respectively. Such a linear relation was also found by Martinez and Kerekes (1994) who carried out trails in a laboratory single bar refiner. Lundin, Batchelor and Fardim (2008) found that a negative exponential function can describe the relation between gross power and disc gap in a laboratory conical refiner. Other researchers have found power to correlate linearly with inverse of gap size over a large range of gap size, e.g. Mohlin (2007) and Luukkonen, Olson and Martinez (2010) . These functions are however approximately linear over the narrow range of gap size studied in present work.
Calculated net power in the two zones, P X -P 0 /2, versus disc gap up to 0.2 mm is shown in Fig 3. Straight lines are fitted to the data points. The intercepts with the x-axis can be interpreted as the critical gap T c where the cross section of the fibres rather than only the flocs starts to be deformed (Kerekes 2011) . The critical gap T c was found to vary around 0.33-0.43 mm, see Fig 3. The difference in T c indicates that the floc size varied between the trials which might be explained by a change in fibre properties due to different recirculation ratios, which has been pointed out by Kerekes (2014) and possibly also by different flow conditions in the grooves. Martinez (1995) has explained how e.g. more slender fibres could result in higher values of T c .
The split between calculated gross specific energies is shown in Fig 4. The specific energy consumption varied from about 60 kWh/ton for flow rate 150 l/s up to 160 kWh/ton for flow rate 60 l/s compared at disc gap 0.1 mm. Fig 5a-c give the impression to predict fibre shortening approximately equally upon changes in power and flow rate through the refiner.
Even though the gross specific energies were varied in a wide range by using different flow rates and disc gaps, shown in Fig 4, the fibre length seems to be affected only by the refining intensities as shown in Fig 5a- For a specific refiner operating on a reasonably constant feed pulp it is thus good enough to use the rather simple parameter specific edge load to control the refining intensity. If the feed pulp changes, the situation is not so simple, though.
The fibre length reduction can be very different for a specific refiner setup (model, segment design, power, flows, etc.) as was shown in earlier work by Sandberg, Sundström and Nilsson (2009) . Changing segment design will of course also affect the process control parameters.
Given the heterogeneity of the refining process, e.g. force distribution on flocs, there will always be some cutting when forces are large enough on average to refine the bulk of the fibres. From Fig 5b, drastic fibre cutting takes place at around gap size 0.1 mm. This corresponds to a force of about 0.06 N in Fig 5a, which, remarkably , is exactly the rupture strength of undamaged native softwood fibres (Burgert et al. 2002) . A TMP fibre is however normally weaker compared to a native fibre due to e.g. split fibres and that parts of the cell wall layers have been peeled off (Reme et al. 1999 ). Somboon and Paulapuro (2009) have shown that fibres in TMP that is refined from 600 to 100 ml CSF lose approximately 30-40% of rupture strength.
Conclusions
An assumption of equal amount of fibres captured between overlapping bars in the two refining zones was found successful in order to develop equations for the power split in a two-zoned LC refiner. The equations predicted equal power in both zones at equal disc gaps, and the power was found to increase approximately linearly with decreasing disc gap over the range, 0.1-0.2 mm. The calculated power split was essential for calculating specific edge load and forces on fibres in the two zones.
The average forces on fibres were about 0.03 N at 0.95 relative fibre length. The corresponding disc gap and specific edge load were calculated to 0.17 mm and 0.7 J/m respectively. Disc gap, forces on fibres and specific edge load were found to predict fibre shortening approximately equally upon changes in power and flow rate through the refiner.
For a specific refiner operating on a reasonably constant feed pulp it is thus good enough to use the rather simple parameter specific edge load to control the refining intensity.
